Several experiments have reported the existence of a bound state of five quarks withs content, knows as Θ + . However, the existence of pentaquark states with charm quark content is still controversial. In this paper we focus on weakly decaying charmed pentaquarks and show how they can be searched for in high energy anti-neutrino interactions. We discuss their possible mass and branching ratios and show the results of our full MonteCarlo simulation of these events. By analysing the published data of the CHORUS experiment, we found out that the discovery of such a particle in the experiment could come only with an enlarged data set and higher detection efficiencies. We outline also the excellent potentiality of such a search at a neutrino factory with an emulsion detector.
Introduction
The signal of a positive strangeness baryon, known as Θ + (1530), has been observed by several experiments with different processes and detector techniques [1, 2, 3, 4] , including neutrino interactions with bubble chambers [5] and the NO-MAD detector [6] , although one experiment has recently contradicted its first claim [7] . The signal has been interpreted as a pentaquark of composition uudds. This evidence has stimulated also the search for pentaquarks with charm quark content. The H1 collaboration announced the observation of a narrow resonance at 3.1 GeV/c 2 decaying into D * − p and D * +p , which could be interpreted as a pentaquark of composition uuddc and its charge conjugate [8] . However, a similar search has been performed by the ZEUS collaboration which did not confirm this signal [9] .
The existence of pentaquarks with charm quark content is foreseen by different theoretical models [10, 11, 12] . If its mass is below the sum of the D meson and nucleon masses, the Θ 0 c may only decay weakly. The low production rate of this state might be traced back to the unlikely hadronization of ac quark with four light quarks.
High energy neutrino interactions produce charm in a few percent of the events and therefore they are a good tool to study charm physics [13] . The Θ 0 c contains ac quark and therefore can be produced via charged-current anti-neutrino scat- terings mainly off as quark (see Fig. 1 ). In such scatterings, the weakly-decaying final-state hadrons withc quark content are mainlyD 0 , D − , D − s andΛ c [14] , the last hadron being suppressed by the baryon number conservation. In this respect, the Θ 0 c would be the lightest baryon with c quark content.
Unlike other processes such as e + e − scattering, the Θ 0 c production in anti-neutrino interactions would be favoured by the presence of three valence quarks available for the hadronization of thec quark.
In this paper we show how this process can be used to prove the existence of weakly-decaying charmed pentaquark states. We review a strategy to search for charmed pentaquarks in neutrino interactions and report the upper limit which would be obtained by analysing the data of the CHO-RUS experiment [15] . The potentiality of such a search at a neutrino factory is also presented.
Mass of weakly-decaying charmed pentaquarks
An upper limit of about 2.8 GeV/c 2 can be set for the Θ 0 c mass, since it would decay strongly into either D − p orD 0 n if heavier. By comparing the pentaquarks with the threequark baryons, we can gain more insight into the expected mass of the lightest charmed pentaquark (Θ 0 c ). The Λ + c has a quark structure of udc while the Σ 0 is made of uds and their mass difference is about 1.1 GeV/c 2 . In analogy with the baryon case, as a first approximation, we can assume that this mass difference stays the same for uudds (Θ + ) and uuddc (Θ 0 c ) and therefore we can expect the mass of the charmed pentaquark to be 2.6 GeV/c 2 . Moving from three to five quark hadrons, quark models predict for charmed hadrons a smaller binding energy than for strange hadrons. Therefore, the mass difference of 1.1 GeV/c 2 can be considered as underestimated and the 2.6 GeV/c 2 value only as a lower limit for the Θ 0 c mass. Moreover, the approach used in Ref. [16] for strange pentaquarks would predict for the lightest charmed pentaquark a mass slightly smaller than 2.8 GeV/c 2 , negative parity and isospin 0.
Decay branching ratios
In the following we estimate the decay branching ratios of the Θ 0 c . We neglect Cabibbo suppressed amplitudes.
Given the composition of the charmed pentaquark, uuddc, thec quark may either decay (c →sūd orc →sl −ν l ) or annihilate with the u quark (cu →sd). We estimate the relative rate of the annihilation and decay processes, f a and f d respectively, from the ratio of the lifetimes for D 0 and D + mesons [17] :
The annihilation is possible for the D 0 only and therefore we get
where we have neglected the interference between annihilation and decay amplitudes. If we normalise to f a + f d = 1, we get f d = 2/5 and f a = 3/5.
In the following, we focus on the channels with the proton in the final state. Therefore the relevant final states are either pK 0 π − and pK 0 l −ν l where l denotes a lepton. If we call f nl the non-leptonic decay fraction (3/5 accounting for colour) we get for the first final state:
In the decay term, theūd come from the W − and hence are colourless. Therefore, as a first approximation, we can assume that they hadronize into a π − and the remaining quarks produce eitherK 0 p or K + n with the same probability, so that β = 1/2.
In the assumption that the Θ 0 c isospin is zero (cfr. § 2), the separation of one light quark from the uudd group in the annihilation will only produce a baryon with isospin 1/2, ruling out the ∆ 0 production and making α = 0. Finally we get:
Analogously, if we call f l the leptonic decay fraction, we get for the second final state:
Overall, the decay branching fraction with a proton in the final state, Br 
Analysis strategy
If the mass is below 3 GeV/c, the Θ 0 c decays weakly as discussed in Sect. 2. Given the fact that it can decay via either the annihilation or the decay of thec quark, we can assume a lifetime (cτ = 100 µm) similar to the D 0 state. A Θ 0 c event is thus characterised by the short flight decay of the state with the production of two charged prongs, one of which a proton, in about 20% of the events (cfr. § 3). Therefore the event shows at the primary vertex a positive muon and a neutral short lived particle, producing in turn a two prong secondary decay vertex with a proton, as shown in Fig. 2 . Since the Θ 0 c decays into at least 3 particles, the nonplanarity of the two charged prongs and the Θ 0 c itself rules out the Λ 0 decay, already suppressed by the longer flight length.
Charm production in anti-neutrino interactions produceD 0 events in a large fraction [14] . Although theD 0 shows a two prong decay topology in about 65% of the cases [18] , it can be distinguished by the Θ 0 c baryon if the proton is identified. Therefore the key point of the search is the proton identification that will be discussed in Sect. 5. In this work, we discuss the charmed pentaquark search using hybrid (nuclear emulsion and electronic) detectors. In particular, we consider the CHORUS experiment [15] , based on the use of "bulk" emulsions, in the CERN Wide Band neutrino beam, and an Emulsion Cloud Chamber (ECC), as used in the OPERA experiment [19] , at a neutrino factory.
Proton identification
In nuclear emulsions, minimum ionising particles (MIPs) are observed as thin tracks with a grain density of about 30 grains/100 µm. The grain density in emulsion is almost proportional to the electronic energy loss and its mean rate is given by the Bethe-Bloch equation [20] . This equation foresees that, in a given material, dE/dx is a function of the particle velocity (β). Therefore, if the momentum is known, the measurement of dE/dx allows the particle identification.
On this basis, the discrimination between pions and protons of 1.2 GeV/c momentum with a statistical accuracy larger than 3 sigma was achieved by using track path lengths of about 2.6 mm [21] . The method consists of counting the grains along the track paths. In that paper, the average number of grains and their standard deviation for pions and protons are reported as recorded by automatic scanning microscopes. This information allows the extrapolation to different path lengths and β values.
The measurement of multiple Coulomb scattering can be used to estimate pβ [22] , where p is the particle momentum. Therefore, the combination of dE/dx measurement and the multiple scattering can provide the particle identification even if the momentum is unknown a priori. The momentum accuracy can be parameterised as ∆p/p = a 2 + (bp) 2 where a and b are inversely proportional to the traversed length and proportional to the position accuracy.
In the Θ For the CHORUS experiment, we assume to follow down the track along the stack of bulk emulsions where the neutrino interaction originated for an average track length in emulsions of 12.6 mm [23] . In fig. 3 , we show a scatter plot of the number of grains versus pβ as measured by multiple scattering. Above the dotted line, the particle is identified as proton. The simulation shows a proton identification efficiency of ε p = 0.126 ± 0.001 with a kaon misidentification of At a neutrino factory, we could profit of the improved angular accuracy achievable by high precision automatic emulsion scanning microscopes [24] especially tuned for OPERA-like emulsions. This will turn into a better momentum accuracy. Moreover, the proton momentum spectrum is softer than in the CHORUS experiment, and therefore the separation is improved, as shown in fig. 4 . A proton identifica- tion efficiency ε p = 0.228 ± 0.001 is obtained with a corresponding kaon misidentification efficiency P (K → p) = (3.4 ± 0.2) × 10 −3 .
Event simulation
In this section we describe the simulation of the Θ 0 c production inν µ interactions. We assume that the energy dependence of the Θ 0 c production cross-section inν µ interactions is the same as the D 0 production in ν µ interactions reported in Ref. [18] . This dependence is convoluted with the energy spectrum considered (the CERN Wide Band beam and neutrino factories) to give the effective energy spectrum of Θ 0 c events. Using Vegas [25] , we have generated theν µ interactions by integrating the tree level matrix element of theν µ scattering off as quark in the nucleon which produce a µ + and ac quark in the final state. Once thec quark is produced, it has to hadronize into the Θ 0 c hadron. The description of the charm quark fragmentation is done in terms of the variable z = p had /p quark with two different Figure 5 . z distribution for baryon production in ν µ interactions. A fifth order polynomial is used to parameterise it. models [26, 27] . They foresee a z range between 0 and 1. As it was already pointed out in Ref. [13] , this description partially fails in fixed target experiments where the charm quark may fragment into a charmed hadron with valence quarks. This is the case of Λ c and Θ 0 c baryon production in ν µ andν µ interactions, respectively. We used the HERWIG simulation program [28] to get the z variable distribution for Λ c production as shown in Fig. 5 where the z ≥ 1 part is due to valence quarks only. We used the same distribution for the Θ 0 c production. We consider the final arrangement of the valence quarks as in Fig. 1 and use HERWIG to produce hadrons from the other prompt partons via the clustering algorithm. This provides a good description of the number of particles at the primary vertex and of the kinematic distribution of the prompt strange particle. We assume a Θ decays, neglecting the effect of the matrix element.
The CHORUS experiment
The CHORUS experiment detects charmed hadrons in nuclear emulsions through a sophisticated analysis chain ended by the visual observation of both the primary and the decay vertexes at the microscope [18] . This analysis needs the scanning of a large amount of nuclear emulsions which is done by fast automated microscopes [29] .
This Collaboration has recently published the analysis of a sample of about 2700 interactions with a µ + in the final state, where charmed hadrons were looked for [14] . 32 charm candidate events were found by the visual inspection with an estimated background of about 3 events. The measurement of the charm production cross-section inν µ interactions is provided together with the ratio between neutral and charged charmed hadrons.
In particular, after background subtraction, the number of observedD 0 events inν µ interactions with a two prong decay topology was reported as ND0 = 14.6 ± 4.0 [14] . ND0 can be schematically written using the following formula:
where f D 0 is the fraction ofc quarks hadronizing into aD 0 , Br(D 0 → V 2) is the two prong decay branching ratio, ǫ V 2 D 0 is the detection efficiency of this decay topology.
On the other hand, following the strategy outlined in Sect. 4, the number of observable Θ 0 c events can be schematically written as:
where ǫ Θ 0 c denotes the efficiency in detecting this decay topology and ε p is the proton detection efficiency. Given the similar flight length and the same two prong decay topology, besides the same topology at the primary vertex, it is reasonable to assume that
Dividing the right terms of Eqs. 3 and 4 by σν and making their ratio we get
7.1. Background and sensitivitȳ D 0 production may mimic the pentaquark only if a daughter K is wrongly identified as a proton. Γ(K − anything)/Γ total = 0.53 ± 0.04 [17] has to be corrected for the new measurement of the fully neutral decay fraction [18] , giving 0.46 ± 0.04, while the contribution in the four prong decays is 0.120 ± 0.005 [17] . Therefore a K is produced in (34 ± 4)% of D 0 's, i.e. f k = 0.52 ± 0.04 in the two prong decays.
The misidentification probability is estimated as (4.2 ± 0.3) × 10 −3 (cfr. § 5) which gives a background yield of n b = ND0f k P (K → p) = 0.03 ± 0.01 events.
The contribution of neutral hadron interaction with a two prong multiplicity has been studied in the experiment and a relative yield of 6 × 10
with respect to two prong D 0 s was estimated [18] . If one includes the proton identification efficiency, this background contribution becomes negligible.
If no event is observed by the experiment, given the estimated background and following the approach in Ref. [30] , from Eq. 5 at 90% C.L. we get
where we have used f D 0 = 0.72 ± 0.11 [14] , σ charm /σν = (5.0
−2 [14] , Br(D 0 → V 2) = 0.647 ± 0.058 [18] , ε p = 0.126 ± 0.001 as estimated by our simulation (cfr. § 5) and Br
Since the anti-neutrino charm production is at the level of 5%, this analysis, in case of null result, does not produce a relevant upper bound on the Θ 0 c production. However, given the large number of neutrino interactions stored in the emulsions and not yet analysed, the potentiality of such a seach could be increased by the reanalysis of the emulsion data with forthcoming scanning systems and analysis techniques.
An ECC detector at the neutrino factory
For the Θ 0 c search at a neutrino factory we assume a µ + beam energy E µ = 50 GeV; length of the straight section, L=100 m; muon beam angular divergence, 0.1 m µ /E µ , m µ being the muon mass; muon beam transverse size σ x = σ y = 1.2 mm.
We assume that the target section of the detector is made of lead plates and nuclear emulsions used as tracking devices, alternated in a ECC sandwich structure as used in the OPERA detector [19] . The cross-section of the target is assumed to be 1 m 2 (a wall with a matrix of 8 × 10 OPERA-like bricks). The whole target is made of 20 walls for a total mass of about 13 tons. By locating the detector 1 km far from the neutrino source, we obtain the neutrino energy spectrum for Θ 0 c events shown in Fig. 6 . We assume 2 year data taking (T = 400 days) and aν µ flux on the detector Φ = 10 7 (ν/s) which corresponds to about 3.5 × 10 14 decaying muons. 
This analysis needs the scanning of all the bricks (1600) with a scanning effort which can be accomplished by 5 fast fully automated microscopes in one year [31] . Precise position and angular measurements around the vertex point for the multiple scattering measurement can be done by dedicated stages [24] .
Background and sensitivity
The main background comes from theD 0 production with a daughter K wrongly identified. The estimated number ofD 0 events, ND0, is 116 ± 25 and therefore the expected background is n b = ND0 f k P (K → p) = 0.21 ± 0.04.
If no event is observed by the experiment, given the estimated background and following the approach in Ref. [30] , at 90% C.L. we get σ Θ 0 c σν < 5.6 × 10 −3 .
In Fig. 7 we show the 5 σ discovery contour in the σ Θ 0 c /σν and M t plane, where M (tons) is the detector mass and t (days) is the data taking time.
Conclusions
We have reported the result of a full MonteCarlo simulation of the Θ 0 c production in high energy anti-neutrino interactions, in the assumption that the Θ 0 c decays weakly. We have outlined several characteristics of this particles, such as the mass and the decay branching fractions. Focusing on the proton decay channel, we have presented a possible strategy for a search in anti-neutrino events. We have estimated the upper limit of the production ratio σ Θ 0 c /σν achievable by the CHO-RUS experiment: the recently publishedν µ data do not produce tight bounds on this ratio. Furthermore, the potentiality of a neutrino factory is discussed when an ECC detector is considered. By using a 13 ton detector, with a conservative approach, an upper limit of 5.6 × 10 −3 of the production ratio is achievable in case of null result. We have also shown the 5 σ discovery potential in terms of the detector mass and emulsion exposure time as a function of the production ratio.
